Heckman et al. (Science 293: 1129(Science 293: -1133) used sequences obtained from GenBank to infer divergence times in fungi and green plants. They estimated that the crown group of land plants originated in the Precambrian, at 703 Ϯ 45 mya, a date much older than dates implied by the fossils, which are no older than about 450 mya. This paper presents an analysis of an entirely different set of sequence data from 27 plastid protein-coding genes in 10 land plants and a green algal outgroup. It uses a calibration point closer to the origin of land plants and inference methods that do not assume a molecular clock. This leads to estimates ranging from 425 to 490 mya, which brackets the age suggested by the fossil record. Possible explanations for the differing conclusions in the two studies include differences in calibration points and use of single-copy plastid genes rather than nuclear gene families.
used sequence data obtained from GenBank to infer divergence times in fungi and green plants and estimated that the crown group age of land plants is Precambrian, at 703 Ϯ 45 million years ago (mya). Other molecular divergence time studies of plants have assumed the much more recent age of about 450 mya (Martin et al., 1993; Goremykin et al., 1997; Sanderson and Doyle, 2001) , which is just slightly prior to the first appearance of embryophyte spores, but after putative stem group relatives (Kenrick and Crane, 1997) . Heckman et al. (2001) suggested that their molecular analysis might force a reconsideration of other ages within plants as well. For example, if land plants date to 700 mya, molecular divergences of angiosperms relative to other land plants might well imply an angiosperm origin in the Carboniferous or earlier. These conclusions are so clearly at odds with the plant fossil record that they raise concerns about the analysis, the fossil record, or both. However, rather than focusing on possible explanations for the discrepancy between ''clocks and rocks '' (Rodriguez-Trelles et al., 2002) , this paper presents a new analysis of data from organellar genes not included in Heckman et al.'s study, samples a broader set of taxa, uses a calibration point phylogenetically closer to the origin of land plants, and uses inference methods that do not assume a molecular clock. This new analysis estimates the age of land plants to be close to what the fossil evidence implies.
A data set of 100 000 green plant protein sequences extracted from GenBank release 127.0 (Sanderson et al., in press ) was sampled to construct a concatenated data set of 27 singlecopy plastid genes for 10 land plants and one outgroup, the single-celled green alga, Mesostigma. The data set contained no missing sequences and had a total sequence length of 6266 amino acids. Amino acid sequences were aligned with default options in ClustalW (Thompson et al., 1994) . The data set is available as Supplementary Data accompanying the online version of this paper. A phylogenetic tree was constructed using ''protein parsimony'' (Swofford et al., 1996) in PAUP* 4.0 (Swofford, 2002) . Most clades were strongly supported by high bootstrap values and agreed with well-known relationships of major clades of land plants (Fig. 1) . Estimates of numbers of amino acid replacements along branches were obtained on this tree using maximum likelihood PAML 3.12 (Yang, 1997) , assuming a Poisson substitution model with gamma-distributed site-to-site rate variation. A likelihood ratio test indicates a significant departure from a molecular clock (Ϫ2ln(LR) ϭ 572; df ϭ 9; P K 0.001), with the herbaceous angiosperm lineages having a higher rate than other land plants or Mesostigma.
Ages of nodes in the tree were estimated (1) assuming a molecular clock and (2) using penalized likelihood rate smoothing (Sanderson, 2002) , which permits deviations from a molecular clock. Penalized likelihood is a semi-parametric inference procedure that strikes a balance between fitting the data to a model (using maximum likelihood) and preventing an unacceptably high level of variation among the parameters of the model (using a nonparametric penalty on this parameter variation). In the present application, the model consists of a separate rate of substitution on each branch, and the penalty consists of a least squares term that increases as differences in rate on neighboring branches increase (Sanderson, 1997) . The trade-off between model fit and parameter smoothness can be tuned by the user, but a more objective criterion is to use a cross-validation procedure driven by the data. Cross validation uses subsets of the data to predict the remainder; as such it determines the best level of smoothing with respect to the predictive ability of the model (Hastie et al., 2001) . A model that is either too smooth (clocklike in this case) or two rough (every branch having a very different rate) will have difficulty explaining the distribution of substitutions observed along branches when rates vary moderately across the tree. The author's program r8s version 1.5 (Sanderson, 2003 ; available at http://ginger.ucdavis.edu/r8s) was used for divergence time analyses.
Calibration is necessary to convert the results from these analyses to an absolute time scale. The crown group node of seed plants (Fig. 1 ) can be dated with more confidence than many other nodes in land plant phylogeny (not to mention deeper nodes outside of land plants) because of the abundant Fig. 1 . Maximum parsimony phylogenetic analysis of 27 plastid genes (psaA, psaB, psaC, psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbL, psbN, atpI, atpH, petA, petB, petG, rpl2, rpl14, rpl16, rpl20, rbcL, rps7, rps11, rps14, rps19, ycf9) for 10 land plants and Mesostigma. Taxon names are prefixed with GenBank taxon ID numbers. Bootstrap values (500 replicates) are indicated next to nodes. Times of nodes on tree were estimated at the optimal level of rate smoothing in a penalized likelihood analysis. Arrow points to crown group node of seed plants (330 mya), used as calibration for the times on the rest of the tree. Note that Mesostigma's role in the divergence time analysis is to permit accurate estimation of the sequence divergence along the two branches descended from the land plant root node. It is pruned from the analysis prior to age estimation, and therefore it is not possible to estimate the age of the next deeper node below land plants (additional outgroups would be necessary).
record of stem group and crown group seed plants in the Carboniferous. Crown group seed plants (probably stem group conifers) first appear at about 310-320 mya (Doyle, 1998) , so a conservative calibration (favoring an older age of land plants) is 330 mya. A secondary, if somewhat more distant, calibration is provided by crown group eudicot angiosperms, whose distinctive tricolpate pollen enters the record at about 125 mya and soon becomes ubiquitous (Doyle, 1992; Magallon et al., 1999) .
Assuming a molecular clock and using just the primary (seed plant) calibration, land plants are inferred to have a crown group age of 435 mya (Early Silurian)-close to the first appearance of embryophyte megafossils and consistent with a conservative interpretation of the spore record. Relaxing the clock assumption with penalized likelihood and using the cross-validated optimal level of smoothing (smoothing parameter estimated to be approximately 100) leads to an inferred age of 483 mya (Fig. 1) . Adding the secondary calibration changes the dates only slightly, to an age of 425 mya with a clock assumption or 490 mya with penalized likelihood.
The nearness of these molecular age estimates to the first fossil evidence for land plants contrasts sharply with the results of Heckman et al. (2001) . Because the agreement with the fossil record is largely independent of whether or not a clock was assumed, the differences between these results and those of Heckman et al. may be due to the calibration or the data rather than to the estimation procedure. Heckman et al. relied on distant external calibrations, the closest being the crown group node of animals, plants, and fungi, estimated to be 1600 mya, itself determined by extrapolation from a molecular divergence time study of vertebrates. The data sets are also quite different. Heckman et al. sampled taxa heterogeneously between genes (although each gene spanned the relevant land plant node of the tree). Moreover, the number of taxa represented in these samples was quite small, ranging from two to six land plant taxa per gene in their land plant data set (mean of 3.4). Since the concatenated lengths were about the same in the two studies (6266 in the present data set; 5131 in theirs), the present data set, representing 10 land plants for every gene, is about three times larger. Increased taxon sampling can improve assessments of the level of rate heterogeneity in deeply diverged clades (Sanderson and Doyle, 2001 ). Their study included more genes, but the mean sequence length for their study was about 100 residues, vs. 230 for the data set reported here. Relative rate tests lack power with short sequences (Sorhannus and Van Bell, 1999; Bromham et al., 2000) , which may have led to Heckman et al.'s conclusion that 50 of 54 genes in their study were clocklike. However, mistakenly assuming a clock when it is absent might not necessarily inflate the ages. It had the opposite effect in the present data set.
A systematic bias in divergence times might arise in gene family data if paralogs are mistaken for orthologs (Martin and Burg, 2002) . A divergence time based on paralogs corresponds to the age of a gene duplication rather than species lineage split and is therefore usually older than one based on orthologs for gene families with significant diversity. Heckman et al.'s data were all based on nuclear genes, many of which belong to large and complex gene families. The sporadic and usually sparse sampling of genes from gene families in sequence databases can make identification of orthologs problematic (Page and Charleston, 1997; Remm et al., 2001 ). The present data set consisted of single copy plastid genes, for which sampling was complete.
However, any data set can be criticized post hoc. The point is that two large and very different sequence data sets conflict dramatically with respect to the inferred age of origin of land plants. It seems premature therefore to add land plants to the growing list of anomalous case studies in which molecular divergence time estimates strikingly predate fossil evidence, as has been found for dates for mammals, birds, and metazoans (Rodriguez-Trelles et al., 2002) . The present compilation of sequence data leads to an estimate that agrees closely with the fossil record.
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